[1] Irrigated agriculture provides 40% of worldwide food supplies but uses large amounts of scarce freshwater and contributes to environmental degradation. At the very core of this problem lie decisions made by irrigators subject to biophysical relations. This research develops a microeconomic model of irrigation management taking into account the dynamics of plant growth over the season, spatial variability in infiltration of applied irrigation water, and fundamental principles from subsurface hydrology. The analysis shows that spatial variability in water infiltration common to traditional irrigation systems increases both applied irrigation water and deep percolation flows by very substantial amounts compared to uniform infiltration. The analysis demonstrates that efficient irrigation management can significantly reduce both applied water and deep percolation at relatively low costs, at least up to a certain level. A long-run analysis of optimal irrigation systems including capital costs indicates that traditional furrow systems are economically efficient over a wide range of water prices and deep percolation costs. Overall, the results indicate that optimal irrigation management can achieve significant resource conservation and pollution control with low loss in agricultural net benefits and without land retirement, investment in capital-intensive systems, or crop switching. 
Introduction
[2] Irrigated agriculture accounts for 40% of world food production. About 16% of worldwide arable land is irrigated, with global cropland per capita decreasing due to population increases and reduction in available arable land. Irrigated agriculture also uses about 70% of the world's freshwater withdrawals, and can cause salinity, drainage and environmental quality problems currently affecting many parts of the world. In this setting, determining efficient water management strategies is an important policy problem to achieve resource conservation and pollution reduction. In general, economic efficiency requires consideration of a variety of factors including irrigation management, crop and irrigation system, land area and quality, and water quality, and analysis is required at all spatial scales from the field to regional and larger scales. This paper concentrates on microlevel analysis of water management and choice of irrigation systems. This provides fundamental information for larger-scale analysis, as well as policy analysis for individual crops and systems.
[3] Water management is a dynamic process over the season involving a choice of when to irrigate as well as how much water to apply, as irrigation timing can have a critical effect on evapotranspiration (ET) and crop yields even for a given total volume of applied water. Several early studies specify and estimate dynamic crop-water production function models for irrigated crops. Minhas et al. [1974] develop a theoretical production function model based on relative ET (seasonal ET/maximum ET). The model relates ET and hence yield to available soil moisture, and can be fit to experimental data. Gowon et al. [1978] statistically estimate a three-stage production function where yield is a function of relative ET at three different stages of growth. extend this literature by developing a daily model of plant growth throughout the season while accounting for both soil moisture and soil salinity dynamics.
[4] Irrigation scheduling models utilizing dynamic production function models were developed to identify optimal management strategies. These studies assume (implicitly or explicitly) uniform water infiltration over the field. Flinn and Musgrave [1967] use dynamic programming to analyze the effect of climatic conditions in crop yield. Their model assumes that quantity of water applied per irrigation is fixed and ignores interstage dependence. Hall and Butcher [1968] develop a dynamic programming model to allocate irrigation water over n plant growth stages of different duration. They assume that yield is reduced by some factor, which is a function of soil moisture, if soil moisture falls below field capacity at any stage. Yaron et al. [1980] extend these moisture-only models to include soil and irrigation water salinity in their dynamic programming model, while Knapp and Dinar [1988] also utilize dynamic programming for cotton to investigate the effects of setup costs, water prices, and deep percolation costs on optimal irrigation volumes, timing, and qualities. An alternate approach is McGuckin et al. [1987] who develop a model with time replaced by a heat index.
[5] Other studies develop optimal irrigation scheduling models applicable to modern irrigation technologies by utilizing a water use efficiency coefficient. This coefficient gives the fraction of applied irrigation water going to cropwater use and is assumed constant with respect to applied water depths. Hornbaker and Mapp [1988] develop a recursive optimization model to compute optimal irrigation depths where soil and plant response and dynamics are evaluated by a crop simulator model. They find that advanced technology (LEPA system) can enhance yields and profits while simultaneously reducing water usage. Bernardo et al. [1987] incorporate optimal irrigation scheduling into a farm-level analysis. A large number of irrigation scheduling activities are generated for each crop giving yield and water use by time period. These activities are then incorporated into a whole-farm model to select crop areas and water management to maximize profits subject to land and water constraints. This model is run for several different irrigation systems and water allotments, and they find considerable water savings with a relatively small reduction in returns to agricultural production. Ellis et al. [1985] also incorporate irrigation scheduling activities into a recursive programming model with crop allocation and alternate investment scenarios.
[6] Although this paper primarily concentrates on the economic irrigation scheduling literature, models with an economic optimization structure are also found in the general water science and engineering literature. Early studies are Bras and Seo [1987] and Protopapas and Georgakakos [1990] who propose linear quadratic control solution algorithms to account for uncertainty and high-dimensionality state spaces. More recently, Shangguan et al. [2002] utilize an optimal scheduling model with a constant water efficiency coefficient to generate production functions for regional analysis, while Shang and Mao [2006] consider uniform water applications. Reca et al. [2001] propose an extension of the above framework to include a water use efficiency coefficient which depends on the applied water depth. Their framework utilizes the irrigation scheduling model to develop production functions for regional analysis with variable farm areas. Montesinos et al. [2001] develop an optimization model for furrow irrigation accounting for slope and percolation losses along a furrow.
[7] These studies do not include an explicit model for field-level spatial variability in water infiltration. This literature either assumes perfectly uniform water infiltration or adjusts water applications by a water use efficiency coefficient. However, Nielsen et al. [1973] and Elliott et al. [1980] demonstrate that infiltration variability typically exhibits orders of magnitude variation even at the field level. This variability can be driven by spatial variability in soil parameters or by performance characteristics such as friction losses and emitter variability in sprinkler and drip systems. Conceptually, spatially variable water infiltration implies that excess water beyond ET may need to be applied to ensure that all parts of the field receive the required amount of water. Irrigation nonuniformity can also affect crop yield due to the agronomic effects of too much or too little water, and result in additional runoff and deep percolation flows. Overall, a decrease in profit due to nonuniform water infiltration can ensue due to increased water application costs, reduced yield, and increased deep percolation losses and associated environmental consequences.
[8] The empirical effects of irrigation nonuniformity on yield and water use are well documented in the static, seasonal literature. Early studies in the engineering literature by Zaslavsky and Buras [1967] and Seginer [1978] point out the problem and develop a conceptual framework used in subsequent studies. Feinerman et al. [1983] evaluate the implications of nonuniform water infiltration on applied irrigation water and yield using two production functions that differ in sensitivity of yield to water applications that are greater than maximum yield requirements. They find that the impact of infiltration nonuniformity depends on the shape and form of the production function. Dinar et al. [1985] find similar consequences for deep percolation, while Kan et al. [2002] provide a static analysis for drainage water reuse with spatial variability in irrigation water infiltration. Taken together, these results imply that the implicit uniformity assumption in the irrigation scheduling literature is limiting and unrealistic. The water use efficiency approach is also problematic as the coefficient can vary with applied water depth, and the field is an aggregation over nonlinear functions which may not be well represented by the linearity implicit in this concept.
[9] This paper develops a spatial dynamics model of field-level water use over the course of an irrigation season. Following earlier studies in the irrigation scheduling literature, we consider a daily model of water use and plant growth, but extend that literature to include field-level spatial variability in the infiltration of applied irrigation water. Optimal irrigation volumes are calculated using nonlinear programming methods, and the model is applied to cotton production in the San Joaquin Valley (SJV) of California. The effect of nonuniform infiltration of irrigation water on profits, yields, water use and deep percolation flows is evaluated with this dynamic model and found to be of fundamental importance, consistent with the findings in the earlier static, seasonal water economics literature. In particular, uniform water infiltration results in lower estimates of water demand, deep percolation flows and yield, and higher profit levels compared to the more realistic assumption of nonuniform infiltration.
[10] Water demand curves and deep percolation control costs are first estimated for a traditional (furrow) irrigation system. In general, the results demonstrate considerable potential for irrigation management to conserve water and reduce emissions, at least to a point. Irrigation systems differ with respect to the degree of uniformity in water application, thus the choice of irrigation system is also analyzed. Optimal water applications, yield, deep percolation flows, and profits are shown for several irrigation systems assuming that the given irrigation system is already in place (short run). We further analyze the optimal irrigation system to be used in the long run by including irrigation system capital costs. Comparisons of irrigation technologies in the short and long run are needed for policy analysis, for example, to determine whether or not a subsidy to help with irrigation system capital costs for more uniform systems will be effective. The comparison of irrigation technologies in the long run shows that it may not be as profitable for the grower to change the irrigation system as it would be to have better water management with the same irrigation system. However, the more uniform systems are more profitable in the short run when capital costs are not included.
Model
[11] Field-scale irrigation management over a single season is considered. The crop and irrigation system are given, there is a single irrigation source, and the field is spatially variable with respect to water infiltration. A daily model of plant growth and soil moisture dynamics is considered, with the season beginning on Julian day t 1 and ending on Julian day t 2 . Optimal daily applications of water for a season are calculated by maximizing profits subject to various constraints and assuming that water drains freely below the root zone.
[12] Spatial variability in water infiltration follows Seginer [1978] as applied in a variety of studies [Warrick and Gardner, 1983; Feinerman et al., 1983; Dinar et al., 1985; Feinerman et al., 1985] . An infiltration coefficient b gives the fraction of field-level water depth which infiltrates at a particular point in the field. Defining w t as the field-level applied irrigation depth on day t (cm), bw t is the infiltrated water at a point in the field characterized by that value of b on day t. A spatial density function f(b) characterizes the distribution of infiltration coefficients over the field. The mean value of this distribution (E[b]) equals 1 for mass balance (assuming no surface runoff), while the standard deviation (s b ) depends on the irrigation system, with less uniform irrigation systems having larger standard deviations. Perfectly uniform irrigation implies that b = 1 everywhere and s b = 0. For computational tractability, the distribution of b is approximated by a discrete distribution (Figure 1 ). Thus we assume n subareas of the field, each characterized by an infiltration coefficient b i 2 [0, 1]. The associated fractional area of the field characterized by the ith infiltration coefficient is denoted a i . We will refer to these subareas as cells, although the subareas do not need to be contiguous.
[13] Field-level profits (p) are defined as returns to land and management, and calculated as crop revenue net of costs.
where the variables are y i = marketable crop yield in cell i (Mg/ha) or (metric ton/ha), and d it = deep percolation flows for cell i and day t (cm). The parameters p y , g, p w
, and p d are respectively market price of the crop, nonwater production and harvest costs, price of applied water in irrigation, and price of deep percolation flows which reflect disposal costs and/or environmental damages. Note that with these definitions, the results are reported on a per-unit area basis and can be interpreted as a field of unit area (ha).
[14] Daily evapotranspiration on day t in cell i in the field is denoted by e it , and depends on matric potential [Brady and Weil, 1999] and hence soil moisture. It is S shaped and reflects stress faced by the plant due to water deficit. Thus
where e is maximum ET under nonstressed conditions, h it is the matric pressure head which is a function of soil moisture m it in cell i on day t, h 50 is the stress at which the yield is reduced by 50%, and f e1 is a coefficient. Matric potential follows van Genuchten [1980] and is given by
where q it = [m it /(root zone depth = 120 cm)] is moisture content in cell i, day t. Parameters are q res = residual water content, q sat = saturated water content, and f h1 , f h2 , and f h3 are coefficients.
[15] Deep percolation losses from irrigation are that portion of water applied for agricultural purposes that percolates to the groundwater. Deep percolation losses are the difference between soil moisture on day t, after any additions (applied irrigation water) net of any water usage (evapotranspiration), and field capacity. However, in deriving deep percolation flows in this manner, there is a possibility of obtaining a negative number (when no water is applied over long periods of time). Since we cannot have negative deep percolation losses, we use a maximum function to solve this problem, and thus we have
where q f is field capacity.
[16] The equation of motion for soil moisture is the difference between the total quantity of water present in the soil and any additions thereof (rainfall and/or irrigation), and that which is taken out of the soil in various ways (evapotranspiration and/or deep percolation flows). In this model, we ignore the contribution to soil moisture from rainfall and model soil moisture dynamics as
The difference in soil moisture between day t + 1 and t of plant growth is thus the difference between irrigation water = 2 mile system). Probability mass points (normalized) are plotted on the calibrated lognormal density function.
applied on day t, and the sum of water utilized (removed) from the soil on day t through evapotranspiration and deep percolation losses.
[17] In the model, crop yield is a function of seasonal evapotranspiration (cumulative ET). Cumulative ET in cell i on day t is obtained by summing all evapotranspiration from the first day of crop growth till day t. The cumulative ET equation is given by
where z it is cumulative ET in cell i on day t, with z i,t2 = seasonal ET in cell i on the last day of the season.
[18] There is substantial empirical evidence in the literature to suggest a linear relationship between vegetative yield and evapotranspiration [Vaux and Pruitt, 1983] . The relationship between vegetative yield and evapotranspiration used in this model follows Kan et al. [2002] . Relative evapotranspiration and vegetative yield are used instead of absolute evapotranspiration and vegetative yield to make the production function site transferable to some extent. Thus vegetative yield as a function of seasonal evapotranspiration is
where y i veg is vegetative crop yield in subarea i, z is the maximum cumulative ET over the season if water is not limiting, z is the minimal cumulative ET needed for crop production and y veg is the vegetative plant yield obtained at maximum ET.
[19] Marketable yield is related to vegetative crop yield; however, for some crops, the relationship between vegetative yield and actual marketable yield is not linear. For example, cotton marketable yield is a nonlinear function of vegetative yield due to the possibility of excessive vegetative growth. A quadratic function captures this reduction in marketable yield due to excessive vegetative growth in a few crops. The relationship between vegetative and marketable yield is given by
where y i is the marketable crop yield at point i, and m 1 , m 2 and m 3 are parameters. For crops where the relationship is proportional, m 1 = 0 and m 3 = 0.
[20] The dynamic optimization problem is to find daily applied water depths that maximize the objective function (1) subject to constraints imposed by equations (2) to (8) that describe the relationship between soil moisture, evapotranspiration, and yield, and other constraints on control and state variables. The state variables in the optimization problem are soil moisture and cumulative evapotranspiration, while field-level applied irrigation water depth is the control variable. The model computes the optimal daily water application within a season to maximize profits under different conditions of uniformity for a given set of parameters. The dynamic model described above is algorithmic, requiring an iterative procedure for solution. The problem is solved using the GAMS/CONOPT nonlinear optimization procedure.
Cotton Production Function Data
[21] The model is applied to cotton production in the San Joaquin Valley (SJV), California. A traditional (furrow, 1 = 2 mile) irrigation system is assumed initially; however, we also consider uniform irrigation and other system types. Growing season dates are from day 117 to day 304 of plant growth. Moisture levels on the initial day of the growing season are set to 9 cm. To keep the optimization problem tractable, we assume that water is applied on days 117 and 119 and once a week after that, ending with day 287 of crop growth. Applied water w t is equal to zero for all other days during the growing season. Price and cost data are adjusted for inflation to 2006 dollars. A high-quality source of irrigation water is considered so that salinity is not limiting.
[22] Price and cost data are defined in Table 1 . Nonwater production costs include seed, fertilizers, planting, land preparation, tile and drainage system costs etc. Production costs (g) are assumed constant for the given crop under all situations considered. The water price (p w ) is estimated as the weighted average surface water rate paid by growers in the Westlands Water District from 2003 to 2005. The weighted average accounts for the variety of rates farmers pay to the Bureau of Reclamation for Central Valley Project water. Note also that at this point we do not include irrigation system capital costs, so these are short-run profits. Capital costs appropriate for long-run analysis are considered later.
[23] Deep percolation costs (p d ) are costs associated with deep percolation flows (drainage) for the construction and maintenance of evaporation ponds and compensating habitats. They are set to zero for the initial analysis and comparison with alternate values considered later. Plant and hydrologic parameters are given in Table 2 . Maximum daily ET is calculated as e = z/(t 2 À t 1 ) for the beginning day of crop growth t 1 , and ending day of crop growth t 2 . The relationship y = À0.361 + 0.194y veg À 0.00489(y veg ) 2 converts vegetative production (y veg ) into marketable lint (y) [Dinar et al., 1985] .
[24] Although we will consider the spatially uniform case (n = 1, b 1 = a 1 = 1) for reference, in general the distribution of the parameter b over the field must be determined for a particular irrigation system. The most commonly used measure of irrigation uniformity is Christiansen's uniformity coefficient (CUC) with a CUC of 100 per cent indicating a completely uniform application. The University of California Committee of Consultants on Drainage Water Reduction (UCCOC) [1988] reports CUC coefficients for different irrigation systems. According to Nielsen et al. [1973] , the water content in the soil is distributed lognormally, and we follow that assumption for infiltration variability of applied irrigation water. We utilized a calibration procedure to compute a standard deviation s b = 0.4 for the baseline furrow, 1 = 2 mile irrigation system which gives a similar CUC (70%) under the lognormal distribution to that reported by UCCOC [1988] . This distribution is discretized into 11 possible values. Figure 1 overlays normalized probability masses for the discrete distribution on the continuous calibrated lognormal distribution, and shows that the probability density function when b is discrete is a good approximation of the continuous probability density function.
Spatial Dynamics of Cotton Production and Irrigation Management
[25] Optimal irrigation scheduling is analyzed in this section for the furrow 1 = 2 mile system. Irrigation water costs are $4.13/ha-cm and drainage costs are zero for this analysis. Figure 2 shows the field-level moisture and irrigation water applied from day 117 to day 304 of plant growth. On the first day of plant growth, enough water is applied (29.5 ha-cm) to increase soil moisture from its initial value of 9 cm almost to field capacity. The total volume of water applied on day 117, and thus during the season, is significantly affected by initial soil moisture levels. For an initial soil moisture level of 15 cm, 16.4 ha-cm of water is applied on day 117; for an initial level of 20 cm, it is 9.1 ha-cm; and for a 25 cm initial value, it is 0.2 ha-cm.
[26] Starting day 119 of plant growth, potential irrigation dates are every 7 days; ending with day 287 of plant growth. The quantity of water applied is low for day 119, possibly due to high soil moisture levels. After that, it is at 5.1 ha-cm until day 217, after which it drops for 2 successive applications, and then remains steady at 3.6 ha-cm until day 280, when it falls again to 2.8 ha-cm, and then falls again to 1.6 ha-cm on day 287. Soil moisture levels surge after water application on day 117 to field capacity, then fall until the next irrigation scheduling, when it goes up again to field capacity. This goes on till day 287, which is the last irrigation application, and then falls steadily till the last day of crop growth.
[27] Previous static studies find that field-level spatial variability in infiltration of applied irrigation water is essential to understanding irrigation decisions and outcomes. The irrigation scheduling model was run under perfectly uniform conditions to assess the importance of field-level spatial variability in infiltration of irrigation water applications. Table 3 reports the values for total seasonal applied water, field-level deep percolation flows, marketable yield, and profit for the uniform case (s b = 0), and the nonuniform case of furrow 1 = 2 mile irrigation system (s b = 0.4). In the uniform case, as long as the soil water content in the root zone is below field capacity, the soil will not drain, and deep percolation flows are zero. Crop vegetative yield is very close to maximum yield when there is no water stress.
[28] In comparing the uniform and nonuniform cases we find that introducing variability in infiltration of applied irrigation water has a relatively small effect on yield; however, it has a large impact on applied water, increasing it by 51% over the uniform case. Deep percolation flows are also positive as some areas of the field now receive excess water, while others receive less than what is needed to produce maximum yield. Profits are 12% less in the nonuniform case. The nonuniform and uniform cases were also compared when the price of water is zero. Here yield and profits ($2564/ha) are the same; however, the total amount of water applied in these cases differs to a great extent. While in the uniform case water applied is 84.8 ha-cm, to achieve the same yield and profit values in the nonuniform case, as much as 1004.6 hacm of water needs to be applied, and most of it is lost in deep percolation flows. (The latter volume is not physically possible to implement, it is provided here simply for reference. In view of practical limits to applied water, this implies that the nonuniform system would have reduced yield.) In summary, the results here confirm previous findings of the importance of field-level spatial variability in the distribution of irrigation water.
Seasonal Water Demand
[29] For policy analysis, it can be helpful to estimate seasonal production functions relating crop yield to seasonal applied water. These can be estimated from the dynamic model by varying irrigation water prices and plotting the relevant outcomes, or by running the optimization model with successive constraints on total seasonal applied water. Figure 3 shows the estimated production function in the uniform and nonuniform cases. The production function when spatial variability in water infiltration is included has lower marginal product than the one with complete uniformity for low water applications, but this is reversed for higher applied water levels. They do both approach the same limiting value (yield and marginal product) though. This has implications for economic modeling in that it implies the commonly used Cobb-Douglas and CES production functions are not realistic in that they would imply uniformly higher marginal products for the more capital-intensive systems.
[30] Table 4 shows short-run water demand, profits, and agricultural net benefits for the furrow ( 1 = 2 mile) system. For the purposes of this analysis, agricultural net benefits (ANB) are defined as the value of crop production net of all costs except water and deep percolation and can be calculated by adding back water and deep percolation costs to the profit of the farmer. Thus
where w* and d* are respectively the seasonal water demand and deep percolation flows. The distinction is useful since this separates the costs of achieving physical goals of water conservation and emission reduction from the financial and equity effects imposed on growers.
[31] As can be seen, water demand is inelastic over the entire range. However, a 20% increase in the price of water does achieve more than a 6% fall in irrigation water demand, while causing only a 1.5% fall in ANB. While this is an inelastic response, it still can represent a very significant amount of water given that agriculture typically uses a very large proportion of water withdrawals in arid regions, and this comes at very little reduction in agricultural net benefits. Distributionally, farm profits are significantly reduced; however, this is due primarily to the increased water price and can be overcome with alternate policy instruments such as tiered water pricing or rebates unrelated to water usage. Some additional water prices were evaluated that are not reported in Table 4 . In particular, maximum yield is achieved when the price of water is zero. Also, we found that when the water price exceeds $26/ha-cm, short-run profits from crop pro- duction become negative. Hence production will cease at these prices in order to avoid incurring variable costs.
[32] Figure 4 presents short-run water demand for the uniform and nonuniform cases. In the nonuniform case, demand is more responsive to price for water prices less than $6/ha-cm, becomes less responsive for prices between $6/ha-cm and $17/ha-cm, and even less responsive for prices greater than $17/ha-cm. In comparison to this, the demand curve for the uniform case is relatively steeply sloped throughout. This implies that a given price increase will result in less water reduction than the nonuniform case, and therefore exhibits considerably less potential for water release from agriculture. Thus consideration of nonuniform infiltration is a prerequisite for quantitatively accurate water policy analysis.
Irrigation and the Environment
[33] In arid and semiarid areas, irrigated agriculture can be associated with salinity and drainage problems. Irrigated water contains salts that remain behind after evapotranspiration. In addition to salts, drainage water from irrigation also contains nutrients from fertilizers and toxic chemicals from pesticides which contaminate water and cause further damage to the environment. This water must be drained to maintain an acceptable level of salinity in the soil, and when natural drainage is insufficient, man-made systems can be installed to ensure this [van Schilfgaarde, 1990] . So far in the analysis, deep percolation costs are assumed to be zero. While this will not significantly impact profits and optimal water use in the uniform case as deep percolation flows are zero, the same cannot be said for spatially variable water infiltration.
[34] There are restrictions mandating no out-of-region discharge of drainage water from the San Joaquin Valley. Growers can dispose of the deep percolation flows in an onsite evaporation pond, but they are also required to provide compensating habitat for birds. According to the USDA [Peabody, 2005] , the San Joaquin Valley area requires 1 acre Agricultural net benefits are defined here as the value of agricultural production after deducting the cost of inputs other than water. Thus ANB = p + p w w*. Profits and agricultural net benefits are short run and do not include irrigation system capital costs.
of evaporation pond for every 9 acres of land under production. The costs of deep percolation flows have to account for these restrictions. The price of deep percolation
where p u is the pumping cost, g ep is the annualized construction and maintenance costs of the evaporation pond, g ch the annualized construction and maintenance costs of the compensating habitat, r is the size requirement for the compensation habitat relative to the evaporation pond, and k is the evaporation rate.
[35] With these definitions, the land required for a unit of drainage disposal is 1/k; multiplying this by annualized costs per-unit area for evaporation ponds and compensating habitat implies that the second term on the right-hand side of (10) is per-unit disposal costs for drainage water. On the basis of the 1990 guidelines suggested for managing agricultural drainage and salt in the SJV [San Joaquin Valley Drainage Program, 1990] , an initial 1:1 ratio of compensating habitat acreage to evaporation pond acreage is assumed. Deep percolation costs in the San Joaquin Valley are estimated as $5.01 per ha-cm using the parameter values in Table 5 ; however, a range of values is used in the analysis given uncertainty in this estimate as well as likely location specificity.
[36] The effects of deep percolation costs on short-run profit, yield, applied water, and deep percolation flows are shown in Table 6 . The inclusion of deep percolation costs in the model with nonuniform infiltration potentially has a significant impact on water use, and hence yields and profits. Focusing on an estimate for deep percolation costs of p d = $7/(ha-cm), it can be seen that this implies a very significant 16% and 43% cutback in applied water and deep percolation flows respectively. Profits are also reduced (10%); however, much of this is due to the price effect of an emission charge. If we add back in emission charges but keep the same management strategy, then the loss is only a 2% fall in agricultural net benefits. Thus the social cost of deep percolation reduction can actually be quite modest, at least to a point, with equity effects highly dependent on policy instruments used.
[37] The effect of deep percolation costs on irrigation management depends on the price of irrigation water. Even when the water price is zero, yield is less than the uniform case since less water is applied in order to reduce deep percolation flows. The total water applied with a zero water price in this case is only 109.7 ha-cm when compared to the (physically unrealistic) 1004.6 ha-cm with no deep percolation costs. However, deep percolation flows are now considerably reduced to 30 ha-cm from 915 ha-cm. While there is not much impact on the level of applied water and yield at lower levels of costs, deep percolation flows and profit values are considerably affected. Short-run profits become negative at a lower price of water (p w = $25/ha-cm) when compared to the nonuniform case with no deep percolation costs. The water demand curve in the nonuniform case when deep percolation costs are positive is shown in Figure 4 , along with the demand curves for the uniform case and the nonuniform case with no deep percolation costs. It is clear that in this case, the demand curve is less price responsive in spite of spatial variability in water infiltration; however, water demand is more responsive than with the uniform system.
Irrigation Technologies
[38] The previous analysis considers a furrow 1 = 2 mile system characterized by spatially variable water infiltration which was demonstrated to be fundamental to understanding water use and drainage emissions in irrigated agriculture. In general there are a variety of irrigation systems available to the grower, and these differ in water infiltration variability, capital and production costs, life span, and pressurization requirements. This section analyzes the effect of irrigation systems on short-run water use and emissions under a variety of water and drainage prices, as well as long-run selection of optimal irrigation systems and associated variables.
[39] Table 7 displays the CUC values for the different irrigation systems considered. As can be seen, the linear and subsurface drip systems have the highest uniformity, while the furrow 1 = 2 mile system has the least. As before, we estimate a standard deviation of b (s b ) that corresponds to the CUC for each irrigation system under the assumed lognormal distribution, and then discretize the resulting distribution into 11 subareas. Nonwater production costs also differ by irrigation system as shown in Table 7 . As an example, subsurface drip systems can have lower herbicide costs as weed growth is inhibited. Table 7 also shows the pressurization and annualized capital costs for each irrigation system. Both of these tend to be significantly greater for the modern irrigation systems compared to the more traditional surface systems.
[40] Table 8 details the effects of alternate water prices on applied water and other variables by irrigation system and deep percolation cost, while Figure 5 plots water demand curves. The results in Table 8 are short run in that they only account for irrigation system variable costs and do not include annualized capital costs. At water prices below $40/ha-cm, the subsurface drip and linear systems have the lowest demand for water, and both yields and short-run profits under these systems are higher. At prices of water higher than $40/ha-cm, these systems have the highest water demand although their yields are still higher than the other systems. However, the difference in water use at the highest The ratios 0.5:1, 1:1, and 1.5:1 refer to the ratio of compensating habitat acreage to evaporation pond acreage. Agricultural net benefits are defined here as the value of agricultural production after deducting the cost of inputs other than water. Thus ANB = p + p w w* + p d d*. Profits and agricultural net benefits are short-run and do not include irrigation system capital costs. 
, X i denotes individual application amounts, and n is the number of individual application amounts [Zoldoske and Solomon, 1988] . The standard deviation (s b ) is calculated as described in the text. Capital cost data are from University of California Committee of Consultants on Drainage Water Reduction [1988] and annualized using a 4% interest rate. b Pressurization cost is defined as (energy cost * effective pressure head for the specific irrigation system). Energy costs are obtained from Pacific Gas and Electric Company [2008] . Nonwater production costs include costs such as seed, land preparation, planting, machinery, and fertilizer and come from Hutmacher et al. [2003] . Opportunity costs of land and cash overhead are not included.
water price is small, and for water prices of $25/ha-cm and above, short-run profits are negative and production would cease.
[41] Increased water prices decrease applied water, deep percolation, and profits for each system and deep percolation price; however, the magnitude of change depends on the irrigation system, with the less uniform systems exhibiting greater response than the more uniform systems. At low levels of prices (below $4/ha-cm), all systems demonstrate a substantial response to water price. In general, for prices higher than $4/ha-cm, the water demand curves for the linear and subsurface drip systems appear the least price responsive when compared with the other systems. Irrigation water demand for water prices below $19/ha-cm is more responsive under the furrow 1 = 2 mile and 1 = 4 mile systems, followed by LEPA and sprinkler.
[42] Table 8 also evaluates the impact of deep percolation costs on short-run water demand, deep percolation flows and profit by irrigation system. For each system and water price, it can be seen that increasing deep percolation costs reduces applied water, emissions, and net returns. Again, however, the magnitude of the response depends on both the system and water price. In general, the more uniform the system or the higher the irrigation water price, the smaller is the response to increased deep percolation costs. In summary, comparing across irrigation systems for the range of prices in Table 8 , it can be seen that more uniformity results in reduced water applications and deep percolation emissions. From results not reported, it can also be seen that systems with a higher level of uniformity have a higher yield. Also, when only variable costs of the irrigation system are included, more uniform systems have higher profits.
[43] Table 9 shows the optimal irrigation system, applied water quantity, deep percolation, and agricultural net benefits for varying prices of water and deep percolation costs in the long run when capital costs are included in the analysis. From Table 9 , the furrow 1 = 2 mile system is optimal for water prices lower than $20/ha-cm with no deep percolation costs. For prices higher than $20/ha-cm, it would be optimal to switch to the furrow 1 = 4 mile irrigation system. However, when deep percolation costs are included, this switch to a furrow 1 = 4 mile system occurs when drainage costs reach $15/ha-cm. Agricultural water prices in the Westlands Water District ranged between $3.5/ha-cm to $5.5/ha-cm from 2000 to 2006. This analysis shows that for a wide range of prices, even beyond current levels, it does not pay to switch to the more capital-intensive systems due to the substantial capital costs associated with these systems.
Conclusions
[44] This paper develops a spatial dynamics model of field-level water use. Relative to most studies in agricultural water economics which are based on static, seasonal analyses, this model explicitly incorporates crop-water dynamics and irrigation timing. Also relative to much of the traditional seasonal literature as well as the previous irrigation scheduling literature, the model explicitly considers spatial variability in infiltration of applied irrigation water 
